Batch culture fermentations were used to determine the effects of avoparcin, lasalocid, monensin, narasin, salinomycin, thiopeptin, tylosin, virginiamycin, monensin + tylosin combination, and two new ionophore compounds (RO22--6924/004 and RO21--6447/009) on lactic acid and volatile fatty acid (VFA) production. Ruminai fluid from cattle fed a high alfalfa hay diet was incubated with glucose for 12 h in a buffered medium to determine the effect of antimicrobial compounds on lactic acid concentration. Fermentations treated with antimicrobial compounds had higher final pH and lower L(+) lactic acid concentration. Narasin and salinomycin were more inhibitory than other ionophore compounds. Monensin and tylosin in combination was more effective than monensin alone. Among the nonionophore compounds, avoparcin was the least effective and thiopeptin, tylosin and virginiamycin were extremely effective in reducing lactic acid concentration. Ruminal fluid from cattle fed a diet of alfalfa hay and grain (50:50) was incubated with a mixture of sugars, casein and urea for 12 h in a buffered medium to determine the effect of antimicrobial compounds on VFA production. Generally, total VFA concentration was not affected by antimicrobial compounds except RO22--6924/004, tylosin and virginiamycin, which caused a reduction at high concentrations. Tylosin, monensin and tylosin mixture, thiopeptin and virginiamycin at high concentrations (>6.0 9g/ml) increased the acetate proportion. All compounds increased the molar proportion of propionate. Tylosin and virginiamycin at high concentrations (>6.0 ~g/ml) decreased the proportion of propionate. Monensin and tylosin in combination had no effect on propionate proportion. Among the compounds tested, narasin and salinomycin were the most effective in enhancing propionate proportion, lonophore compounds were more inhibitory to butyrate production than the nonionophore compounds. Batch culture fermentations may be used to quantitate the relative efficacy of antimicrobial compounds to alter ruminal fermentation characteristics.
Introduction
Antimicrobial feed additives in animal diets are used not only for the control and treatment of infectious diseases but also for the enhancement of growth and improvement of feed efficiency. Lasalocid and monensin are ionophore antibiotics that are used extensively in the cattle industry to improve the efficiency of feed utilization (Brandt, 1982; Goodrich et al., 1984) . Lasalocid and monensin alter fermentation characteristics, resulting in favorable metabolic changes in the rumen (Bartley and Nagaraja, 1982; Bergen and Bates, 1984; Schelling, 1984) . Among the favorable alterations in ruminal fer-mentation, enhanced propionate production at the expense of acetate and butyrate, inhibition of lactic acid production, decreased methane and reduced proteolysis and deamination are well documented (Bartley and Nagaraja, 1982; Bergen and Bates, 1984; Schelling, 1984) . Because of the wide acceptance of lasalocid and monensin, several antimicrobial compounds such as avoparcin Dyer et al., 1980) , laidlomycin (Spires and Algeo, 1983) , lysocellin (Wolfrom et al., 1983; Preston et a1., 1985) , narasin (Dinusson et al., 1979; Potter et al., 1979) , salinomycin (Merchen and Berger, 1985) , thiopeptin (Gill et al., 1979) and virginiamycin (Hedde et al., 1980) are being investigated as possible feed additives. Ruminal metabolic changes induced by some of the potential fzed additives (avoparcin, laidlomycin, salinomycin and thiopeptin) have been shown to be similar to those induced by lasalocid and monensin (Gill et al., 1979; Froetschel et al., 1983; Spires and Algeo, 1983; Merchen and Berger, 1985) . However, the effects of narasin, tylosin, alone or in combination with monensin and virginiamycin on ruminal fermentation characteristics have not been reported. Also, information on relative efficacy of the antimicrobial compounds in altering ruminal fermentation characteristics is not available. The purpose of this investigation was to evaluate quantitatively the ability of antimicrobial compounds to alter ruminal fermentation characteristics. The evaluation was based on in vitro inhibition of lactic acid production and alterations in volatile fatty acid (VFA) proportions.
Materials and Methods
Antimicrobial Compounds. The following compounds were used in the in vitro evaluation: avoparcin 4 , lasalocid s , monensin 6 , narasin 6 , salinomycin 7, thiopeptin s , tylosin 6 and virginiamycin 9 . Also, two new ionophore antibiotics s , RO22--6924/004 (antibiotic X-14873A produced by Streptomyces sp.) and RO21-6447/ 009 (antibiotic X-14547A produced by Streptomyces antibioticus; Westley et al., 1978) were included in the evaluation. Monensin and tylosin were also tested in combination at a 3:1 (w/w) ratio. All compounds were dissolved in methanol except avoparcin, which was dissolved in distilled water.
Effect on Lactic Acid Production. Batch culture fermentations with glucose as the substrate were set up to determine the effect of antimicrobial compounds on L(+) and D(-) lactic acid production. Preliminary experiments were conducted to determine the effects of incubation time (3, 6, 9 and 12 h) and ruminal fluid inoculum source (cattle fed alfalfa hay and grain in ratios of 80:20, 50:50 and 20:80) on L(+) and D (--) lactic acid accumulation from glucose fermentation. Salinomycin was used in the preliminary experiment to determine the optimal incubation time and ruminal fluid inoculum source to obtain maximal response of antibiotic on lactic acid accumulation.
Based on the results from the preliminary experiments (three replications), ruminal fluid 4 American Cyanamid Co., Wayne, NJ. s Hoffmann-LaRoche Inc., Nutley, NJ. 6 Elaneo Products Co., Indianapolis, IN. ~A. H. Robins Co., Richmond, VA. 8 Fujisawa Pharmaceutical Co., Osaka, Japan. 9 Smith Kline Animal Health Products, Westchester, PA.
10 Nutra-Blend Corp., Neosho, MO.
inoculum from a steer fed an alfalfa hay and grain (80:20) diet and incubation time of 12 h were used to determine the effect of antimicrobial compounds on lactic acid production. Composition of the grain portion of the diet was 49.3% rolled corn, 49.3% rolled sorghum grain, 1.0% dicalcium phosphate, .25% trace mineralized salt 1~ and .1% vitamins A and D mixture (1,000,000 IU of A and 500,000 IU of D per 454 g). Ruminal fluid was obtained 4 to 5 h post-feeding and strained through four layers of cheesecloth. Fifteen milliliters of strained ruminal fluid and 15 ml mineral buffer (pH 6.8, Dennis et al., 1981a) were incubated with 3.0 g glucose in 50-ml polyethylene centrifuge tubes. Antimicrobial compounds were added at O, . 09, .19, .38, .75, 1.5, 3.0, 6.0, 12~0 and 24 .0 gtg/ml incubation mixture. Control tubes (0 tag/ml) received an equivalent amount (30 gtl) of the solvent (methanol). Each tube was flushed with CO2, stoppered with rubber stoppers equipped with bunsen valves and incubated at 39 C. Fermentations were conducted in duplicate for each concentration. After 12 h incubation, final pH was recorded and samples of the fermentation mixture were deproteinized with 8% perchloric acid and centrifuged at 48,400 x g for 20 min. The cell-free supernatant was analyzed for L(+) and D(--) lactic acid concentrations (Dennis et al., 1981a) . Each antimicrobial compound was tested independently, at random and replicated three times with ruminal fluid collected on different days. To quantitate the effects of antimicrobial compounds on L(+) and D(-) lactic acids, IC50 (inhibitory concentration) value was calculated for each compound. The IC50 was defined as concentration (/ag/ml) required to inhibit L(+) and D(--) lactic acids by 50% of the control (0/ag/ml).
Effects on VFA Production. Batch culture fermentations with a mixture of carbohydrate, protein and B vitamins wereset up to determine the effects of antimicrobial compounds on VFA production. Preliminary experiments were conducted as before to determine the optimal incubation time and ruminal fluid inoculum source to maximize the response of antibiotic on VFA alterations.
Based on the results from the preliminary experiments, ruminal fluid inoculum from a steer fed an alfalfa hay and grain (50:50) diet and incubation time of 12 h were used to determine the effects of antimicrobial compounds on VFA production. The composition of the grain portion of the diet was as before. Ruminal fluid was collected 4 to 5 h postfeeding and strained through four layers of cheesecloth. Fifteen milliliters of strained ruminal fluid and 15 ml mineral buffer (pH 6.8) were incubated with a substrate mixture consisting of glucose, xylose, cellobiose, maltose, urea (50 mg each), casein hydrolyzate (100 mg) and B vitamins (300/al; Scheifinger et al., 1975) in 50-ml polyethylene centrifuge tubes. Antimicrobial compounds were added at 0, .75, 1.5, 3.0, 6.0, 12.0, 24.0 and 48.0/lg/ml incubation mixture. Fermentations were conducted in duplicate for each concentration. After 12 h incubation, final pH was recorded and samples of the fermentation mixture were acidified with 6N HC1 and analyzed for VFA in a gas chromatograph (Bartley et al., 1979) . Each antimicrobial compound was tested independently, at random and replicated three times with ruminal fluid collected on different days.
To quantitate the effects on VFA production, an EC25 (enhancement concentration), and an IC25 (inhibitory concentration) were calculated for each compound. The EC25 and IC25 were defined as the concentration (/ag/ml) required to enhance propionate proportion by 25% of the control (0 /ag/ml) and reduce acetate:propionate ratio or butyrate proportion by 25% of the control (0/ag/mt), respectively.
Statistical Analyses. The data on the effects of various antimicrobial compounds on lactic acid and VFA productions were analyzed by the General Linear Models procedure of the Statistical Analysis System (SAS, 1982) using a randomized complete block design and a one-way treatment structure with antibiotic concentration as the treatment variable and replication as the blocking variable. Leastsquares means were tested by least significant differences only after F-tests were significant. Because the evaluations of antimicrobial compounds were done independently, no statistical comparisons were made between compounds.
To determine 1C50 for lactic acid inhibition, EC25 for propionate enhancement or 1C25 for butyrate or acetate:propionate ratio reduction, the percent change from the control (no antibiotic) was modeled using the following equation (Wilkinson, 1961) :
where Y = percent change in inhibition or enhancement from control, a = maximal percent inhibition or enhancement, = antibiotic concentration resulting in inhibition or enhancement equal to half the maximum and c = antibiotic concentration required for 50% inhibition (for lactic acid) or 25% inhibition (for acetate:propionate ratio or buryrate) or 25% enhancement (for propionate).
The analysis was performed by NLIN procedure of the Statistical Analysis System (SAS, 1982) .
The procedure fitted the model by an iterative process to get estimates of a and ~. These estimates were used to solve the equation for the value of c.
Resu Its

Effects of Antimicrobial Compounds on Lactic Acid Production. Fermentation of glu-
cose with ruminal fluid from cattle fed a highroughage diet resulted in a low pH (<4.5) and high lactic acid concentration at the end of 12 h incubation. L(+) lactic acid was the predominant isomer and D(--) usually accounted for only 10 to 20% of the total lactic acid. Fermentations treated with antimicrobial compounds had higher final pH (table 1) and lower L(+) lactic acid concentration than the control with no antibiotic (table 2) . In most instances, the extent of L(+) lactic acid inhibition tended to be dose-dependent at low antibiotic concentrations (.094 to 1.5 //g/ml). All antimicrobial compounds, except thiopeptin, tended to increase D(--) lactic acid concentration at low concentrations, but were inhibitory at higher antibiotic concentrations (table 3) . Also, the extent of D(--) lactic acid inhibition was less than that of L(+) lactic acid inhibition. Consequent/),, the D (--) lactic acid as percent of total lactic acid in antibiotic-treated fermentations was higher than that of the control. Maximal inhibition of D(--) lactic acid was observed with thiopeptin and virginiamycin-treated fermentations (table 4) .
Among ionophore antibiotics (RO22--6924/ 004, RO21--6447/009, lasalocid, monensin, narasin and salinomycin), narasin and salinomycin were most effective and RO21--6447/009 was least effective in reducing lactic acid 4,4,4,4,4,4,4,4,4,4,4 ,4 ,4,4,4,4,4,4,4,4,4,4 `4 `4,4 `4 ~ -4,4 `4 `4,4`4 r. a Concentrauon of antimicrobial compound required to inhibit lactic acid concentration control (0 #g/ml).
bMonensin and tylosin were mixed at 3 : 1 (w/w) ratio.
by 50% of the concentration (table 4) . Based on IC50 for total or L(+) lactic acid, lasalocid appeared to be similar to monensin (table 4). Among the nonionophore compounds (avoparcin, thiopeptin, tylosin and virginiamycin), avoparcin was the least effective in reducing lactic acid concentration. Thiopeptin, virginiamycin and tylosin were extremely effective in inhibiting lactic acid production. Lactic acid inhibition was almost complete (90 to 93%) at the highest concentration (24.0 /~g/ml) with thiopeptin, tylosin and virginiamycin (table 4). Among the compounds tested, thiopeptin and virginiamycin seemed to be the most effective inhibitors of lactic acid production from glucose fermentation. The monensin and tylosin combination (3:1) was more effective than monensin alone but not different from tylosin alone in reducing lactic acid concentration (figure 1).
Effects of Antimicrobial Compounds on VFA Production. Total VFA concentration was generally not affected by the addition of the antimicrobial compounds except RO22-6924/ 004, tylosin and virginiamycin, which caused a reduction (P<.05) at 24.0 gg/ml concentration (table 5) . Salinomycin-and thiopeptin-treated fermentations had higher total VFA concentration at 3 to 12 jag/ml than the control. The acetate proportion was not affected by avoparcin, RO22--6924/004, RO21--6447/009, lasalocid, monensin, narasin and salinomycin (data not shown). However, tylosin, monensin and tylosin combination, thiopeptin and virginiamycin increased the molar proportion of acetate at 6 /~g/ml or higher concentrations. Avoparcin, RO22--6924/004, RO21--6447/009, lasalocid, monensin, narasin, salinomycin and thiopeptin increased the molar proportion of propionate bDifferent from 0 ~g/ml concentration (P<.05).
CDifferent from 0 ~g/ml concentration (P<.01).
dMonensin and tylosin were mixed at 3 : 1 (w/w) ratio.
(table 6). In most instances, the increase was significant at concentrations greater than .75 /~g/ml. Tylosin (figure 2) and virginiamycin at low concentrations (.75 to 3.0/lg/ml) increased (P<.05) and at high concentrations (>6.0 /~g/ml) decreased (P<.05) the molar proportion of propionate. The monensin and tylosin combination tended to cause a small increase in propionate proportion (figure 2). Generally, the acetate-to-propionate ratio tended to be lower in ionophore-treated fermentations than the control (table 7) . However, significant reduc- aLeast-squares means (three replications) and standard error (SE).
bDifferent from 0 ~ag/ml concentration (P<.05).
dMonensin and tylosin were mixed at 3:1 (w/w) ratio.
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Discussion
Because of the wide acceptance of lasalocid and monensin in the cattle industry, several N new antimicrobial compounds are being investi-!~~ gated as possible feed additives (Chalupa, 1984) . Among the ionophore antibiotics, RO22--6924/004, narasin and salinomycin have shown excellent promise and are reportedly effective at lower dosage levels than lasalocid or monensin for improving feed efficiency and rate of gain of feedlot cattle (Dinusson et al., 1979; Potter et al., 1979; Thonney et al., 1983;  10[ ~.NIIXl Nl al N~' ~N Merchen and Berger, 1985) . Avoparcin, a 1980), has been shown to be similar to monencattle Dyer et al., 1980; Cuthbert et al., 1984) . Thiopeptin, a sulfurcontaining peptide (Miyairi et al., 1972) , is an effective inhibitor of S. bovis (Muir and Barreto, 1979) , and, therefore, effective in controlling lactic acidosis in cattle (Muir et al., 1980) . Thiopeptin supplementation of a high-concentrate tions were observed only with RO22--6924/ 004 (> 1.5/ag/ml), lasalocid (only at 24.0/ag/ml) and salinomycin (>6.0 /ag/ml). Monensin and tylosin in combination caused a slight reduction in the acetate-to-propionate ratio at low concentrations, but tended to cause an increase in the acetate-to-propionate ratio at high concentrations (figure 3). Tylosin-and virginiamycintreated fermentations had higher acetate to propionate ratios at 12.0 and 24.0 /ag/ml concentration than the control (table 7) . The molar proportion of butyrate was reduced (P< 05) by all the antimicrobial compounds, even at the low concentration tested (table 8) . Generally, ionophore antibiotics tended to be more inhibitory to butyrate proportion than the nonionophore antibiotics (table 9). Molar proportions of isobutyrate, isovalerate and valerate were not affected by the addition of antimicrobial compounds (data not shown).
Narasin and salinomycin appeared to be the most effective among the antimicrobial compounds tested in enhancing propionate proportion (table 9) . Based on EC25, lasalocid appeared to he more potent than monensin (3.27 vs 14.42 ttg/ml). Among the nonionophore compounds, only avoparcin was effective in enhancing propionate. The new ionophore compound, aLeast-squares means (three replications) and standard bDifferent from 0 ~g/ml concentration (P<.05).
CDifferent from 0 ~ag/ml concentration (P<.01).
error (SE).
diet (11 mg/kg) increased weight gain and feed efficiency of cattle (Gill et al., 1979) . Improved performance of cattle fed tylosin is generally attributed to its ability to prevent liver abscesses (Potter et al., 1985) . Virginiamycin, a growth-promoting antibiotic used in pigs has also been shown to have a growth-promoting effect in cattle (Hedde et al., 1980; Demeyer and VanNevel, 1985) . Improvement in efficiency of feed utilization in lasalocid-or monensin-fed cattle is attributed to favorable alterations in ruminal fermentation characteristics (Bartley and Nagaraja, 1982; Bergen and Bates, 1984; Schelling, aLeast-squares means (three replications) and standard error (SE).
bDifferent from 0/ag/ml concentration (P<.05).
CDifferent from 0/zg/ml concentration (P<.01).
dMonensin and tylosin were mixed at 3 : 1 (w/w) ratio. aEC25 is the concentration of antimicrobial compound required to enhance propionate by 25% of the control.
blc25 is the concentration of an~nicrobial compound required to reduce acetate:propionate ratio by 25% of the control.
c ~ IC25 Is the concentrauon of antimicrobial compound required to inhibit butyrate by 25% of the control. dMonensin and tylosin were mixed at 3:1 (w/w) ratio.
1984). The mechanisms by which lasalocid and monensin alter fermentation characteristics are believed to be due to shifts in the ruminal microbial community. Bacteria that produce lactate, butyrate, formate and H2 are very sensitive, whereas succinate-producing and lactate-fermenting bacteria are resistant, thereby, resulting in a bacterial community that produces less acetate, butyrate and methane and more propionate (Chen and Wolin, 1979; Dennis et al., 1981b) .
In this study, to measure the effects of antimicrobial compounds on lactic acid production, glucose at high concentration (3 g/30 ml fermentation mixture) was used as the substrate to simulate the onset of lactic acid-type fermentation. An array of soluble sugars (glucose, xylose, cellobiose, maltose) were used to measure the effects on VFA production. The use of defined energy sources and nutrient medium in the batch culture fermentation permitted a constant and uniform substrate throughout the evaluation. The evaluation of all the compounds were based on 12-h incubation period and ruminal fluid inoculum from a donor steer fed a particular diet. In the preliminary experiments, optimal incubation time and ruminal fluid inoculum source were determined using only salinomycin as the antibiotic. It is possible that the efficacy of antimicrobial compounds to inhibit lactic acid production and alter VFA would be influenced by incubaion period and ruminal fluid inoculum source.
Ruminal fermentation changes induced by some of the antimicrobial compounds have been shown to be similar to those induced by monensin and lasalocid in that the acetate:propionate ratio is decreased, lactic acid production is inhibited, methanogenesis is depressed and ruminal degradation of protein and amino acids is lowered (Dyer et al., 1980; Muir et al., 1980; Froetschel et al., 1983; Demeyer and VanNevel, 1985; Merchen and Berger, 1985; Nagaraja et al., 1985) . Also, sensitivity and resistance of ruminal bacteria to the various antimicrobial compounds used in the present study were very similar to their responses to lasalocid and monensin; gram-positive bacteria were resistant and gram-negative bacteria were sensitive (Akkad and Hobson, 1966; Wang et al., 1966; Fulghum et al., 1968; Watanabe et al., 1981; Stewart et al., 1983; Nagaraja and Taylor, 1987) . Avoparcin and tylosin have been shown to be less inhibitory to the two major gram-positive lactic acid-producing bacteria (Streptococcus bovis and Lactobacillus; Walton, 1978; Dutta and DeVriese, 1981; Nagaraja and Taylor, 1987) . However, in the present study both avoparcin and tylosin were very effective in inhibiting lactic acid production from glucose fermentation in the in vitro system. In fact, tylosin was more effective in inhibiting lactic acid production than the ionophore antibiotics, and the latter were more inhibitory to S. bovis and lactobacilli than the former. This is difficult to explain but it could be speculated that tylosin in a mixed culture fermentation may get metabolized and a metabolite may be more inhibitory to the lactic acid producing bacteria than the parent compound. Among the ionophore compounds, narasin and salinomycin were more effective in inhibiting lactic acid production than lasalocid and monensin. This is in agreement with our previous report that salinomycin at .22 mg/kg body weight was as effective as lasalocid or monensin at .66 mg/kg in preventing experimentally induced lactic acidosis in cattle (Nagaraja et al., 1985) .
Narasin and salinomycin were more potent in enhancing propionate production and reducing acetate:propionate ratio than lasalocid and monensin. A similar difference in efficacy has also been observed in feedlot performance studies. The optimum dosage for narasin and salinomycin is about threefold less than that of lasalocid and monensin (Dinusson et al., 1979; Potter et al., 1979; Merchen and Berger, 1985) . It is intersting that tylosin's effect on VFA production was antagonistic to that of monensin. Tylosin lowered propionate proportion and increased acetate proportion. Consequently, the combination of monensin and tylosin (3:1) had no effect on acetate-to-propionate ratio at the recommended dosage level (assuming 6 /ag/ml represents ruminal concentration of monensin and tylosin in cattle fed at 30 g and 10 g/t, respectively). However, Potter et al. (1985) , based on the summary of 14 feedlot trials, demonstrated additive effects of monensin and tylosin. The additive response was attributed to liver abscess control provided by tylosin, in conjunction with improvements in daily gain and feed efficiency.
Batch culture fermentations offer a simple system to evaluate the ability of potential antimicrobial compounds to alter ruminal fermentation characteristics. Because all the antimicrobial compounds in the present study were evaluated independently, at random, no statistical comparison was made between the compounds. However, it is obvious that determination of IC50 for lactic acid, IC25 for acetate:propionate ratio or butyrate and EC35 for propionate provide a method to quantitate the relative efficacy of antimicrobial compounds in altering ruminal fermentation characteristics.
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